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Abstract.  S-2-(3-Methylaminopropylamino)ethylphoaphorothioic  acid  (WR-3689)  is  a  ra- 
diop'otective  agent  that  is  behaviorally  toxic  at  ladioprotective  doses.  It  was  recently 
reported  that  the  combination  of  WR-3689  and  caffeine  ameliorated  behavioral  toxicity 
(determined  by  locomotor  activity  in  mice)  compared  with  WR-3689  alone.  Since  cate¬ 
cholamines  can  modulate  locomotor  activity,  we  determined  norepinephrine  (NE)  and 
dopamine  (DA)  content  (using  high-performance  liquid  chromatography)  in  the  hypo¬ 
thalamus  of  mice  after  treatment  with  WR-3689,  caffeine,  and  the  combination  of  the 
two  drugs.  CD2F1  male  mice  were  injected  intraperitoneally  with  saline  (control),  WR- 
3689  (100  and  200  mg/kg),  caffeine  (20  and  40  mg/kg),  or  the  combination  of  WR-3689 
(200  mg/kg)  and  caffeine  (40  mg/kg).  Control  values  for  NE  and  DA  ranged  between 
200  and  220  pg/mg  and  69  and  94  pg/mg  of  hypothalamic  tissue,  respectively.  WR- 
3689  had  no  effect  on  the  content  of  NE  and  DA.  In  contrast,  NE  increased  to  (mean  ± 
SE)  324  ±  27  pg/mg  and  377  ±  61  pg/mg  (P  <  0.05)  4  hr  after  injections  of  20  and  40 
mg/kg  of  caffeine,  respectively.  Similarly,  DA  increased  to  142  ±  13  pg/mg  (P  <  0.05)  4 
hr  after  injection  of  40  mg/kg  of  caffeine.  The  combination  of  WR-3689  and  caffeine  had 
no  effect  on  NE  and  DA  contents  when  compared  with  control  values.  These  results 
suggest  that  WR-3689  can  affect  catecholamine  metabolism  in  the  mouse  hypothalamus, 
but  the  mode  of  action  is  not  clear  IP.S.e.B.m.  1993.  voi  203] 


Phosphorothioates  are  effective  radioproteclors  ( I ). 
When  these  drugs  are  administered  to  laboratory 
rodents,  the  LDjo/io  of  7-irTadiation  is  increased 
considerably.  When  given  in  doses  that  are  efficacious 
against  radiation,  these  drugs  are  also  behaviorally 
toxic.  One  such  compound,  S-2-(3-aminopropyla- 
mino)ethylphosphorothioic  acid  (WR-2721),  is  known 
to  affect  behavior  in  a  number  of  species,  including 
mice,  rats,  monkeys,  and  humans  (2).  When  mice  are 
treated  with  WR-2721,  a  significant  decrement  in  lo- 
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comotor  activity  is  observed  (3).  WR-2721  impairs  the 
ability  of  rats  to  maintain  balance  on  an  accelerod  (4) 
and  of  monkeys  to  visually  discriminate  between  tasks 
(5).  In  humans,  common  side  effects  of  WR-2721  in¬ 
clude  nausea  and  vomiting,  hypotension,  hypocal¬ 
cemia,  and  mild  somnolence  (6-8).  Due  to  the  nature 
of  these  toxic  effects,  there  is  reason  to  suspect  that 
phosphorothioate-induced  behavioral  toxicity  is  de¬ 
rived  from  an  imbalance  in  the  central  nervous  system 
(CNS). 

In  clinical  applications,  the  toxic  side  effects  of 
phosphorothioates  can  be  controlled.  If  these  radiopro¬ 
tectants  are  to  be  used  during  space  explorations,  nu¬ 
clear  accidents,  or  when  individuals  must  venture  into 
radiologically  hazardous  environments,  the  toxic  side 
effects  of  these  drugs,  particularly  performance  decre¬ 
ment,  cannot  be  tolerated.  If  the  side  effects  of  phos¬ 
phorothioates  are  eliminated  without  compromising 
radioprotection,  these  comjxiunds  could  be  used  effec- 
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lively  against  the  damaging  effects  of  radiation  in  these 
scenarios  (9). 

Several  analogs  of  WR-2721  have  been  synthesized 
and  tested  for  radioprotection  (10).  Among  these  ana¬ 
logs.  S-2-(3-methylaminopropylamino)ethylphosphoro- 
thioic  acid  (WR-3689).  a  methylated  derivative  of  WR- 
2721,  proved  to  be  less  toxic  and  clearly  superior  in 
some  respects  than  WR-2721  (11).  Studies  reported  in 
this  paper  were  done  using  WR-3689. 

In  a  recent  study  (12).  the  methylxanthine  caffeine 
was  administered  to  mice  in  combination  with  WR- 
3689  in  an  attempt  to  reduce  its  behavioral  toxicity. 
The  study  indicated  that  the  combination  of  WR-3689 
and  caffeine  abolishes  the  decrement  in  locomotor  ac¬ 
tivity  normally  observed  in  mice  when  WR-3689  is 
given  alone.  In  addition,  caffeine  does  not  appear  to 
alter  the  radioprotective  efficacy  of  WR-3689  ( 1 3).  Al¬ 
though  the  locomotor  activity  test  is  a  better  indicator 
of  the  tendency  to  perform,  rather  than  the  capacity  to 
perform,  it  is  st^!!  possible  that  the  locomotor  decrement 
produced  by  WR-3689  is  a  result  of  adverse  alterations 
in  the  metabolism  of  neurotransmitters  in  the  CNS. 
The  catecholamines,  in  particular  norepinephrine  (NE) 
and  dopamine  (DA),  are  important  neurotransmitters 
involved  in  the  modulation  of  locomotor  activity  (14). 
Investigating  the  effects  of  phosphorothioates  on  cate¬ 
cholamines  in  the  brain  may  provide  a  neurochemical 
basis  for  the  phosphorothioate-induced  decrement  in 
locomotor  activity. 

The  methylxanthines  are  potent  stimulators  of  the 
CNS  (15)  and  are  known  to  affect  catecholaminergic 
activity,  but  the  mechanisms  behind  these  effects  are 
controversial  and  complicated.  In  the  past,  investigators 
have  reported  no  changes  (16-21),  increases  (17,  22, 
23).  and  decreases  (16)  in  absolute  catecholamine  levels 
in  the  brain  after  treatment  with  caffeine.  Catecholam¬ 
ine  turnover  studies  reveal  similar  ambiguities.  There 
are  reports  indicating  no  changes  (21),  increases  (17. 
24-26),  and  decreases  (17)  in  turnover  in  the  brain. 

The  aim  of  the  present  study  was  to  determine  the 
effects  of  phosphorothioates  and  methylxanthines  on 
the  catecholaminergic  system  within  the  CNS.  The 
content  of  NE  and  DA  was  assayed  in  mouse  hypo¬ 
thalamus  after  treatment  with  WR-3689,  caffeine,  and 
the  combination  of  the  two  drugs.  The  results  of  this 
study  will  help  elucidate  mechanisms  involved  in  WR- 
3689-  and/or  caffeine-induced  alterations  of  cat¬ 
echolamine  metabolism  as  well  as  mechanisms  in¬ 
volved  in  WR-3689-induced  behavioral  toxicity. 

Materials  and  Methods 

Animals.  Male  CD2F1  mice.  8-10  weeks  old.  were 
purchased  from  Charles  River  Laboratories  (Boston, 
MA)  and  were  housed  five  per  cage  in  an  air-condi¬ 
tioned  (21  ±  rc  and  50  ±  10%  relativ<*  humidity), 
'ight-controlled  (lights  on  from  0600  to  1 800  hr)  Amer¬ 


ican  Association  for  Accreditation  of  Laboratory  Ani¬ 
mal  Care-accredited  facility.  The  mice  were  provided 
with  food  and  water  ad  lihiiiiin  and  were  maintained 
for  at  least  2  weeks  before  use  in  the  experiments. 

Drugs.  WR-3689  was  obtained  from  the  Drug  Syn¬ 
thesis  and  Chemistry  Branch.  Division  of  Cancer  Treat¬ 
ment,  National  Cancer  Institute  (Bethesda,  MD)  and 
anhydrous  caffeine  was  obtained  from  Sigma  Chemical 
Co.  (St.  Louis,  MO). 

Experimental  Procedure.  On  the  eve  of  experi¬ 
mentation.  six  groups  of  mice  (five  mice/group)  were 
transferred  to  a  nearby  room  to  acclimatize  them  to 
new  surroundings.  At  0830  hr  the  following  morning, 
intraperitoneal  injections  of  neutralized  saline  (control; 
Group  1).  WR-3689  (100  and  200  mg/kg;  Groups  2 
and  3).  caffeine  (20  and  40  mg/kg;  Groups  4  and  5). 
and  the  combination  of  WR-3689  (200  mg/kg)  and 
caffeine  (40  mg/kg)  (Group  6)  were  administered.  One 
mouse  from  each  group  was  sacrificed  by  quick  cerx'ical 
dislocation  at  the  lime  of  injection  and  the  other  four 
mice  from  each  group  were  sacrificed  at  1.2.  4,  and  8 
hr  after  injection.  Immediately  after  sacrifice,  the  hy¬ 
pothalamus  was  removed,  weighed,  and  placed  in  200 
^il  of  0.05  M  HCIO4.  The  tissue  was  then  sonicated  (30 
sec)  and  centrifuged  in  an  Eppendorf  microcentrifuge 
(3  min).  The  supernatant  was  stored  at  -80°C  until  the 
time  of  catecholamine  analysis.  The  experiment  was 
repeated  eight  times  («  =  8  for  each  time  point  within 
each  treatment  group). 

Analysis.  Catecholamine  concentrations  were 
determined  using  high-performance  liquid  chromatog¬ 
raphy  with  electrochemical  detection  (Bioanalylical 
Systems.  West  Lafayette.  IN)  (27.  28).  The  high-per¬ 
formance  liquid  chromatography  system  incorporated 
an  LC-4B  electrocnemical  detector;  a  10-cm,  phase  II, 
3-Mm  octadecasilane  reversed-phase  column;  and  a 
glassy  carbon  working  electrode.  The  mobile  phase  (pH 
3. 1 )  was  made  with  degassed  pyrogen-free  water  filtered 
through  a  Milli-Q  purification  system  (Milipore  Co.. 
Bedford.  MA)  and  included  monochloroacetic  acid 
(14.15  g/liter),  sodium  hydroxide  (4.675  g/liter).  diso¬ 
dium  EDTA  (150  mg/Iiter).  octanesulfonic  acid  (300 
mg/liter)  as  the  ion-pairing  agent,  and  3.5%  acetoni¬ 
trile.  The  mobile  phase  was  pumped  through  the  system 
by  a  Beckman  (Fullerton.  CA)  112  solvent  delivery 
module  at  a  flow  rate  of  1.7  ml/min.  The  sensitivity  of 
the  detector  was  2  nA  full  scale.  The  potenual  01  the 
working  electrode  was  0.80  V  with  respect  to  a  Ag/ 
AgCl  reference  electrode.  Standard  and  sample  injec¬ 
tions  were  made  by  a  Rheodyne  (Cotati.  CA)  7125 
syringe-loading  injection  valve.  Standards  for  the  cat¬ 
echolamine  assays  contained  600  pg  of  NE.  DA.  and 
isoproterenol  per  50  ti\  of  0.05  M  HCIO4.  Isoproterenol 
served  as  the  internal  standard.  Samples  for  th^  cat¬ 
echolamine  assay  contained  20  n\  of  homogenate  and 
30  m1  of  0.05  M  HCIO4  containing  600  pg  of  isoproter- 
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enol.  Injection  volume  was  25  n\  for  both  standards 
and  samples. 

Statistics.  Data  were  collected  with  the  use  of  a 
Shimadzu  CR-4A  Chromatopac  (Columbia,  MD). 
Mean  values  (±SE)  are  expressed  as  pg/mg  wet  wt  of 
hypothalamic  tissue.  Comparisons  between  treatment 
groups  at  each  time  point  were  made  using  Student’s  / 
test,  where  P  <  0.05  indicates  statistical  significance. 

Results 

Effects  of  WR-3689  and  Caffeine  Administered 
Individually  on  Hypothalamic  Catecholamine  Con¬ 
tent.  The  effects  of  WR-3689  on  the  hypothalamic 
content  of  NE  and  DA  are  shown  in  Figure  1 .  Control 
values  of  NE  and  DA  ranged  between  200  and  220  pg/ 
mg  and  69  and  94  pg/mg  of  hypothalamic  tissue, 
respectively.  Administration  of  WR-3689  ( 100  and  200 
mg/kg)  had  no  effect  on  the  content  of  NE  or  DA  (Fig. 
1).  Figure  2  shows  the  effects  of  caffeine  on  the  hypo¬ 
thalamic  contents  of  NE  and  DA.  NE  content  (Fig.  2) 
significantly  increased  (R  <  0.05)  above  control  values 
at  2  and  4  hr  after  administration  of  20  mg/kg  of 
caffeine  and  at  all  time  points  after  administration  of 
40  mg/kg  caffeine.  The  highest  NE  concentrations  oc¬ 
curred  4  hr  after  caffeine  treatment  and  were  324  ±  27 
and  377  ±  61  pg/mg  after  the  20  mg/kg  and  40  mg/kg 
injections,  respectively.  Compared  with  control  values, 
DA  (Fig.  2)  was  unaffected  after  treatment  with  20  mg/ 
kg  of  caffeine,  but  was  significantly  increased  (/*<  0.05) 
at  1  and  2  hr  after  administration  of  40  mg/kg  of 
caffeine.  The  highest  DA  concentration,  142  ±  14  pg/ 
mg,  occurred  2  hr  after  the  40-mg/kg  injection  of 
caffeine. 

Effects  of  WR-3689  and  Caffeine  Administered 
Simultaneously  on  Hypothalamic  Catecholamine 
Content.  In  Figure  3.  the  contents  of  NE  and  DA  in 
the  hypothalamus  of  mice  treated  with  the  combination 
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Figure  1.  Effects  of  WR-3689  (100  and  200  mg/kg)  on  NE  and  DA 
content  in  the  mouse  hypothalamus.  Control  values  are  represented 
by  the  solid  lines  while  1 00-mg/kg  and  200-mg/kg  WR-3689-treated 
mice  are  represented  by  dotted  and  dashed  lines,  respectively. 
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Figure  2.  Effects  of  caffeine  (20  and  40  mg/kg)  on  NE  and  DA 
content  in  the  mouse  hypothalamus.  Control  v^ues  are  represented 
by  the  solid  lines  while  20-mg/kg  and  40-mg/kg  caffeine-treated  mice 
are  represented  by  dotted  and  dashed  lines,  respectively,  'Signifi¬ 
cance  (P  <  0.05)  between  the  control  and  caffeine  treatment  groups. 


Time  (hr) 

Figure  3.  Effects  of  WR-3689  (200  mg/kg),  caffeine  (40  mg/kg),  and 
the  combination  of  the  two  agents  at  doses  of  200  mg/kg  and  40 
mg/kg,  respectively,  on  NE  and  DA  content  in  the  mouse  hypothala¬ 
mus.  The  WR-3689  treatment  is  represented  by  the  solid  line,  the 
caffeine  treatment  is  represented  by  the  dotted  line,  and  the  combined 
treatment  is  represented  by  the  dashed  line.  'Significance  (P  <  0.05) 
between  the  caffeine  and  WR-3689  treatment  groups.  "Significance 
(P  <  0.05)  between  the  caffeine  and  combined  treatment  group. 


of  WR-3689  and  caffeine  are  compared  with  the  indi¬ 
vidual  treatments  of  WR-3689  (200  mg/kg)  and  caf¬ 
feine  (40  mg/kg)  alone.  Catecholamine  levels  in  the 
combined  treatment  group  (200  mg/kg  of  WR-3689 
and  40  mg/kg  of  caffeine)  were  not  significantly  differ¬ 
ent  from  the  levels  in  the  control  group  (data  not 
shown),  indicating  that  WR-3689  attenuates  the  caf¬ 
feine-induced  increase  m  catecholamines  in  mouse  hy¬ 
pothalamus.  NE  and  DA  contents  in  the  caffeine- 
treated  group  were  significantly  higher  {P<  0.05)  than 
in  the  WR-3689  treatment  group  at  2,  4,  and  8  hr  after 
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drug  administration  (Fig.  3).  DA  content  in  the  caf¬ 
feine-treated  group  was  also  significantly  higher  (P  < 
0.05)  than  in  the  combined  treatment  group  2  hr  after 
drug  administration.  Although  NE  and  DA  contents  in 
the  combined  treatment  group  were  higher  than  the 
WR-3689-treated  group  and  lower  than  the  caffeine- 
treated  group  at  4  hr  after  injections,  these  differences 
were  not  statistically  significant. 

Discussion 

The  results  of  this  study  indicate  that  WR-3689  has 
no  apparent  effect  on  the  hypothalamic  content  of  NE 
and  DA.  This  is  consistent  with  prevailing  thought  that 
WR  compounds  do  not  readily  cross  the  blood-brain 
barrier  (BBB)  (29,  30).  Biodistribution  studies  indicate 
that  only  0. 1-0.2%  of  the  total  ''S-radiolabeled  WR- 
2721  (29)  and  WR-3689  (30)  is  accumulated  in  the 
brain  15-30  min  after  systemic  injections.  Since  there 
were  no  differences  in  catecholamines  between  the  con¬ 
trols  and  WR-3689-treated  mice,  it  would  seem  that 
the  small  amount  of  WR-3689  taken  up  by  the  brain 
may  not  be  sufficient  to  cause  derangements  in  neu¬ 
roendocrine  processes.  Alternatively,  it  is  possible  that 
WR-3689  could  act  centrally  to  affect  synthesis  and 
release  of  catecholamines  in  such  a  way  that  steady 
state  levels  of  catecholamines  remain  unaltered.  Dobric 
et  al.  (31)  showed  that  WR-2721  (300  mg/kg.  ip)  an¬ 
tagonizes  the  effects  of  9-gray  y-irradiation  on  the  brain 
content  of  NE.  DA.  and  serotonin.  Deanovic  el  al.  (32) 
reported  a  40-60%  decrease  in  the  release  of  acetylcho¬ 
line  from  the  somatosensory  cortex  15  min  after  sys¬ 
temic  administration  of  WR-2721  (200  mg/kg).  In  ad¬ 
dition.  we  found  that  simultaneous  administration  of 
WR-3689  and  caffeine  was  effective  in  attenuating  the 
increase  in  hypothalamic  NE  and  DA  content  produced 
by  administration  of  caffeine  alone.  These  studies  sug¬ 
gest  that  WR-3689  can  alter  neurotransmitter  metabo¬ 
lism  in  the  brain,  but  the  mode  of  action  remains  to  be 
established. 

One  explanation  for  phosphorothioate-induced  al¬ 
terations  in  catecholamine  metabolism  is  that  these 
agents  could  produce  a  general  hypoxia  (33.  34).  If 
phosphorothioates  indeed  reduce  oxygen  tension,  the 
resultant  hypoxia  could  ultimately  carry  over  into  the 
brain.  Once  the  brain  becomes  hypoxic,  neurotrans¬ 
mitter  metabolism  can  be  altered  (35-37).  Another 
possibility  accounting  for  the  phosphorothioate- 
induced  alterations  in  catecholamine  metabolism  is  the 
inhibition  of  dopamine  d-hydroxylase  (38,  39)  by 
sulfhydryl  compounds  such  as  glutathione  and  cys- 
teamine.  In  a  recent  study  investigating  catecholamine 
metabolism  in  the  mouse  adrenal,  we  found  a”  accu¬ 
mulation  in  the  content  of  DA  and  a  depletion  in  the 
content  of  NE  and  epinephrine  2-4  hr  after  administra¬ 
tion  of  WR-3689  (40).  These  results  indicate  that  WR- 
3689  inhibits  dopamine  (J-hydroxylase.  Vujnov  et  al. 


(41)  reported  similar  decreases  in  NE  in  the  adrenals 
and  sera  of  rats  3  hr  after  WR-2721  administration. 
Interestingly,  once  the  phosphate  group  is  cleaved  from 
the  phosphorothioate,  the  aminothiol  compound  re¬ 
sembles  cysteamine.  In  fact,  it  has  been  proposed  that 
a  small  fraction  of  the  administered  phosphorothioate 
can  be  metabolized  to  cysteamine  by  various  polyam¬ 
ine,  diamine,  or  monoamine  oxidases  (42).  Unlike 
phosphorothioates.  cysteamine  has  no  problem  crossing 
the  BBB  (39)  and  is  known  to  have  a  number  of 
neuroendocrine  effects  (43,  44). 

The  increase  in  the  hypothalamic  content  of  NE 
and  DA  by  caffeine  was  dose  dependent.  Govani  el  al. 
(22)  found  similar  dose-dependent  increases  in  the  con¬ 
tent  of  DA  in  the  rat  striatum  and  nucleus  accumbens 
after  administration  of  10,  20,  40.  and  100  mg/kg  of 
caffeine.  However,  in  the  nucleus  accumbens.  the  in¬ 
crease  in  DA  content  after  injection  of  100  mg/kg  of 
caffeine  was  slightly  less  than  the  increase  produced  by 
40  mg/kg,  indicating  a  biphasic  effect.  Minana  and 
Grisolia  (23)  administered  caffeine  to  rats  by  way  of 
the  drinking  water.  At  the  end  of  their  experiment.  NE 
content  in  the  hypothalamus  and  in  the  striatum  was 
more  than  300%  above  control  levels,  while  the  DA 
content  was  more  than  100%  above  control  levels. 
Corrodi  el  al.  (17)  found  that  50  mg/kg  of  caffeine 
administered  intraperitoneally  slightly  increased  NE 
and  DA  stores  in  the  whole  brain  of  rats.  In  contrast, 
these  authors  reported  a  slight  decrease  in  the  content 
of  NE  and  DA  when  100  mg/kg  of  caffeine  were 
injected.  These  results  again  indicate  a  biphasic  nature 
of  caffeine  with  the  lower  doses  of  caffeine  increasing 
and  the  higher  doses  decreasing  catecholamine  content 
in  the  brain.  In  addition,  a  relationship  between  bi¬ 
phasic  catecholamine  levels  and  locomotor  activity  was 
established  by  Waldeck  (18).  who  showed  that  lower 
doses  of  caffeine  produce  dose-dependent  increases  in 
locomotor  activity,  but  the  higher  doses  produce  no 
effect  or.  in  some  instances,  produce  hypomotility. 

In  contrast,  a  number  of  studies  investigating  the 
effects  of  caffeine  on  the  content  of  brain  catechol¬ 
amines  report  decreases  (17)  or  no  changes  (16-21). 
Reasons  for  these  discrepancies  include  the  biphasic 
nature  of  caffeine,  the  time  of  tissue  sampling  after 
caffeine  administration,  and  the  use  of  whole  brain 
preparations  rather  than  discrete  brain  areas.  In  some 
studies,  female  rats  were  used  without  considering  the 
stages  of  the  estrous  cycle.  This  is  an  important  consid¬ 
eration  since  changes  in  the  reproductive  status  of 
female  rats  are  known  to  affect  catecholamine  activitv 
(45). 

Caffeine  can  alter  e.atccho'aminc  metabolism  in 
the  CNS  by  at  least  three  modes  of  action  (15).  The 
first  is  associated  with  the  translocation  of  calcium. 
Calcium  is  an  essential  ingredient  of  the  secretion¬ 
coupling  mechanism  for  the  release  of  catecholamines 
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as  well  as  other  neurotransmitters  and  neuromodulators 
(46-48).  CafTeine  increases  mobilization  of  calcium 
into  the  cell,  resulting  in  increased  catecholamine  re¬ 
lease.  The  second  mode  of  action  involves  the  accu¬ 
mulation  of  cAMP.  The  accumulation  of  cAMP  is 
mediated  by  caffeine's  ability  to  inhibit  cyclic  nucleo¬ 
tide  phosphodiesterase.  In  turn.  cAMP  could  increase 
catecholamine  metabolism  by  stimulating  tyrosine  hy¬ 
droxylase  (49),  the  rate-limiting  enzyme  in  catecholam¬ 
ine  synthesis.  The  third  mode  of  action  involves  block¬ 
ing  receptors  for  adenosine.  Catecholamine  release  in 
the  CNS  can  be  mediated  by  specific  adenosine  recep¬ 
tors  (50).  Blocking  adenosine  receptors  with  caffeine 
leads  to  reduced  catecholamine  release.  All  three  of 
these  modes  of  action  indicate  that  caffeine  stimulates 
catecholamine  metabolism,  and  this  stimulation  is  in 
agreement  with  the  results  of  the  present  study. 

The  attenuation  of  the  caffeine-induced  cat¬ 
echolamine  content  when  caffeine  was  administered 
simultaneously  with  WR-3689  is  intriguing,  particu¬ 
larly  when  WR-3689  pei  se  had  no  effect  on  the  cat¬ 
echolamine  levels.  It  is  possible  that  caffeine  alters  the 
BBB  via  changes  in  calcium  metabolism,  permitting 
WR-3689  to  enter  the  brain  and  thereby  attenuating 
catecholamine  levels.  Another  possibility  is  that  WR- 
3689  enters  the  brain  where  the  BBB  is  weak  or  absent. 
Two  such  areas  are  the  organum  vasculosum  of  the 
lamina  terminalis.  a  circumventricular  organ  located  at 
the  tip  of  the  third  ventricle,  and  the  area  postrema, 
located  immediately  rostral  to  the  obex  on  each  side  of 
the  fourth  ventricle  (51).  Furthermore,  it  is  known  that 
these  two  areas  of  the  brain  are  involved  in  the  regula¬ 
tion  of  body  temperature  (52)  and  in  the  control  of  the 
emetic  response  (53).  It  is  also  known  that  phosphoro- 
thioates  alter  bodv  temperature  (54)  and  trigger  emesis 
(8). 

If  WR-3689  enters  the  brain,  it  can  then  interact 
with  caffeine  to  attenuate  catecholamine  levels  in  a 
number  of  ways,  (i)  Phosphorothioates  are  known  to 
cause  a  decrease  in  cytosolic  calcium  intrusion  (55); 
thus.  WR-3689  could  reverse  caffeine-induced  intracel¬ 
lular  mobilization  of  calcium  that  in  turn  affects  cat¬ 
echolamine  release,  (ii)  Tyrosine  hydroxylase,  the  rate- 
limiting  enzyme  in  catecholamine  synthesis,  is  depend¬ 
ent  upon  molecular  oxygen.  Caffeine  can  stimulate 
tyrosine  hydroxylase  activity,  presumably  through  the 
action  of  cAMP  (49).  If  WR-3689  causes  hypoxia  (33. 
34).  it  could  limit  the  availability  of  oxygen  for  this 
rate-limiting  step  and  hence  catecholamine  synthesis, 
(iii)  Since  phosphorothioates  inhibit  cAMP  formation 
(56).  it  is  possible  that  WR-3689  antagonizes  the  caf¬ 
feine-induced  accumulation  of  cAMP  and.  conse- 
quentiy,  catecholamine  levels,  (iv)  Caffeine  can  also 
stimulate  dopamine  d-hydroxylase  in  the  hypothalamus 
(23).  This  stimulation  could  then  offset  the  inhibiting 
effect  sulfhydryls  have  on  dopamine  d-hydroxylase.  (v) 


Caffeine  is  known  to  stimulate  alkaline  phosphatase 
(57,  58)  that  in  turn  can  accelerate  the  formation  of 
sulfhydryl  from  phosphorothioates.  Although  alkaline 
phosphatase  is  not  detectable  in  brain,  formation  of  the 
sulfhydryl  from  WR-3689  in  peripheral  blood  could 
facilitate  its  entry  into  the  brain.  These  observations 
could  explain  why  WR-3689.  when  administered  in 
combination  with  caffeine,  attenuates  the  increase  in 
hypothalamic  catecholamines  produced  when  caffeine 
is  given  alone. 

The  results  of  this  study  indicate  that  WR-3689 
attenuates  the  caffeine-induced  increase  in  hypotha¬ 
lamic  concentrations  of  NE  and  DA.  suggesting  that 
WR-3689  affects  catecholamine  metabolism  in  the 
CNS.  WR-3689.  per  se.  has  no  effect  on  the  hypotha¬ 
lamic  stores  of  NE  and  DA,  whereas  caffeine  alone 
increases  the  hypothalamic  content  of  NE  and  DA  in  a 
dose-dependent  manner.  From  these  results,  it  is  tempt¬ 
ing  to  speculate  that  WR-3689-induced  alterations  in 
catecholamine  metabolism  are  at  least  partially  respon¬ 
sible  for  the  WR-3689-induced  behavioral  toxicity. 
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